Faeces-mediated transmission of Trypanosoma cruzi (the aetiological agent of Chagas disease) by triatomine insects is extremely inefficient. Still, the parasite emerges frequently, and has infected millions of people and domestic animals. We synthesize here the results of field and laboratory studies of T. cruzi transmission conducted in and around Arequipa, Peru. We document the repeated occurrence of large colonies of triatomine bugs (more than 1000) with very high infection prevalence (more than 85%). By inoculating guinea pigs, an important reservoir of T. cruzi in Peru, and feeding triatomine bugs on them weekly, we demonstrate that, while most animals quickly control parasitaemia, a subset of animals remains highly infectious to vectors for many months. However, we argue that the presence of these persistently infectious hosts is insufficient to explain the observed prevalence of T. cruzi in vector colonies. We posit that seasonal rains, leading to a fluctuation in the price of guinea pig food (alfalfa), leading to annual guinea pig roasts, leading to a concentration of vectors on a small subpopulation of animals maintained for reproduction, can propel T. cruzi through vector colonies and create a considerable force of infection for a pathogen whose transmission might otherwise fizzle out.
Faeces-mediated transmission of Trypanosoma cruzi (the aetiological agent of Chagas disease) by triatomine insects is extremely inefficient. Still, the parasite emerges frequently, and has infected millions of people and domestic animals. We synthesize here the results of field and laboratory studies of T. cruzi transmission conducted in and around Arequipa, Peru. We document the repeated occurrence of large colonies of triatomine bugs (more than 1000) with very high infection prevalence (more than 85%). By inoculating guinea pigs, an important reservoir of T. cruzi in Peru, and feeding triatomine bugs on them weekly, we demonstrate that, while most animals quickly control parasitaemia, a subset of animals remains highly infectious to vectors for many months. However, we argue that the presence of these persistently infectious hosts is insufficient to explain the observed prevalence of T. cruzi in vector colonies. We posit that seasonal rains, leading to a fluctuation in the price of guinea pig food (alfalfa), leading to annual guinea pig roasts, leading to a concentration of vectors on a small subpopulation of animals maintained for reproduction, can propel T. cruzi through vector colonies and create a considerable force of infection for a pathogen whose transmission might otherwise fizzle out.
The inefficiency of transmission from vectors to hosts leads to an as yet unresolved paradox in models of T. cruzi transmission. Although T. cruzi is extremely difficult to contract, in many communities, the infection prevalence in humans exceeds 40% [6] [7] [8] [9] . Such prevalence could potentially rise if a large number of infectious vectors were in close contact with a host population. But how could the number of infected vectors reach such levels when it is so difficult for hosts to become infected?
Here, we describe our detection of highly infected colonies of the triatomine vector Triatoma infestans, often with parasite prevalence reaching 80%, through a cross-sectional survey conducted around the city of Arequipa, Peru (figure 1). All of the highly infected colonies were collected from pens of domestic guinea pigs. Guinea pigs are commonly raised for human consumption in the region. In the following sections, we present several alternative hypotheses to explain the high T. cruzi prevalence in these insects. We explore each hypothesis through mathematical models based on Ross and MacDonald's models of Malaria transmission [10] [11] [12] [13] . Guided by the output of these models, we perform a series of laboratory studies to assess the alternative mechanisms by which parasite infection of vectors could reach the high levels observed in our field studies.
(a) Hypothesis I: Trypanosoma cruzi is transmitted among insects, without passing through an intermediate mammalian reservoir host, via coprophagy
One possible process that could augment the prevalence of the parasite in vector colonies is direct transmission among insects without the need for an intermediate mammalian host. The ingestion of faeces, known as coprophagy, is one mechanism by which such horizontal transmission could occur. Triatoma infestans relies on symbiotic bacteria in its gut to digest bloodmeals [14, 15] . The insects are not born with these symbionts; rather, they acquire them by ingesting faeces of older bugs [16] . An isolated observation [17] raised the possibility that T. infestans also could acquire T. cruzi by this route, though the frequency of such infections seemed low. Still, the efficiency of transmission via coprophagy might be strain dependent, and a particular strain of T. cruzi may have adapted to coprophagic transmission. To assess the potential of coprophagic transmission on transmission dynamics, we modify the Ross -MacDonald model and calculate the coprophagic force of infection necessary to produce the observed parasite prevalence in vector populations. We then conduct an experiment to test whether such values of coprophagic force of infection might occur. In addition to coprophagy, there is the possibility that T. cruzi might be transmitted from one insect to another via 'kleptohaemodeipnonism', which is a behaviour by which an unfed nymph pierces the exoskeleton of a fed nymph and feeds on its haemolymph [18] . A review of the role of kleptohaemodeipnonism in the transmission of T. cruzi by T. infestans concluded that it was unlikely to be of epidemiological importance [19] due to the rarity of the behaviour. Based on our observations, the behaviour is equally rare among the local T. infestans; we therefore did not investigate whether kleptohaemodeipnonism might have led to the high prevalence of T. cruzi among the vector populations we observed.
(b) Hypothesis II: a reservoir species other than guinea pigs is driving the transmission of Trypanosoma cruzi through vectors collected near guinea pig pens
Further contributing to the paradox of highly infected vector populations in guinea pig pens is the low prevalence of infection among guinea pigs in these pens. In our surveys, we found only between 2 and 5% of animals to show serological rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142807 signs of infection, as assessed through enzyme-linked immunosorbent assays. Based on these results, we hypothesized that vectors may be becoming infected when feeding on another host species, perhaps other rodents drawn to the food placed in these enclosures [20] . To test this possibility, we performed molecular analysis of the bloodmeals ingested by insects collected from highly infected vector colonies.
(c) Hypothesis III: persistently parasitic hosts drive the parasite through vector populations
After first acquiring T. cruzi from a vector, mammalian hosts undergo a temporary period of parasitaemia during which circulating parasites are present in peripheral blood. During this period of parasitaemia, which is typically brief, the animals are capable of infecting other vectors. Previous studies of T. cruzi transmission in animals including guinea pigs [21] , mice [22] and dogs [23] have largely been conducted in the absence of vectors, with the exception of the controlled application of insects for xenodiagnosis [24] , and must therefore rely on measures of parasites in peripheral blood as proxies of infectiousness to vectors. We reasoned that such a proxy might be imperfect, and mask significant heterogeneity among hosts in their ability to infect insects. We therefore performed studies to measure the number of triatomines infected by different guinea pigs over the course of infection. We document significant heterogeneity among animals in their ability to control the parasite and identify a number of persistently infectious individuals that infected vectors long after other animals had cleared the parasite. We hypothesize that the presence of such persistently infectious guinea pigs in field populations could strongly enhance transmission and vector infection prevalence above and beyond that expected in a homogeneous host population. To test this hypothesis, we use the Ross-MacDonald model [12, 13] and include heterogeneity among hosts in their duration of infectiousness. We then assess whether such hosts could drive the parasite to the high levels observed in vector colonies collected in the field.
(d) Hypothesis IV: seasonal culling of host populations drives the parasite through insect colonies by concentrating vectors upon a small number of hosts Guinea pigs are fed mainly on alfalfa, which contains virtually all the nutrients they need for optimal growth [25] . Alfalfa is a notoriously water-dependent crop [26] , and its price fluctuates strongly with water availability. In 2009, the year following our vector sampling, the price of alfalfa tripled during the months of May, June and July (figure 2). Based on focus groups and indepth interviews conducted during the study [27] , the tripling of alfalfa prices led many residents to kill most of their guinea pigs, retaining just a few in order to be able to replenish the population when doing so became economically feasible. We evaluate the effect of these host bottlenecks through a simulation based on the Ross-MacDonald model.
Material and methods (a) Field data
Entomological surveys were conducted in the La Joya district of Arequipa, Peru, between August and November of 2008.
A one-person-hour search for triatomines, including systematic examination of human and animal living spaces, was conducted in all participating households [28] . A Tetramethrin spray (Sapolio Mata Moscas q ) was used to flush out insects from their hiding places. Captured T. infestans were transported to the Arequipabased Universidad Peruana Cayetano Heredia/University of Pennsylvania zoonotic disease field laboratory. The number, life stage and sex (for adults) of the collected insects were documented by site of collection. The intestinal contents of insects were examined microscopically at 400Â for the presence of T. cruzi [29, 30] .
(b) Experiment 1: Trypanosoma cruzi transmission via coprophagy
To estimate the rate of T. cruzi transmission via coprophagy, we placed 30 colony-reared T. infestans eggs in a small container with a single adult. We ran 10 replicate experiments, five with infected adults and five with uninfected adults as controls. Both infected and control insects were captured from field populations in Arequipa, Peru. We allowed the eggs to mature to the third instar, feeding them biweekly on uninfected chickens, and then examined their faeces microscopically for T. cruzi. Waiting until the insects reached the third instar afforded adequate time for the parasite to develop in the vector and facilitated microscopic examination for the parasite, as it is easier to extract faeces from larger insects.
(c) Experiment 2: bloodmeal identification
Using species-specific PCR reactions described in [31] , we identified the host species providing the bloodmeal taken by the vectors among a sample of 36 second instar insects obtained from highly T. cruzi-infected (more than 75% prevalence) vector colonies in guinea pig pens. We selected an even number of insects that were positive and negative for T. cruzi by microscopy (18 of each group). We used second instar insects as these would have taken very few bloodmeals, reducing (but not eliminating) the possibility of identifying a bloodmeal host that was not responsible for infecting the vector. It can be difficult to identify T. cruzi by microscopy, especially in younger insects, in which rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142807 the parasite would have had less time to replicate to high numbers. We therefore also performed PCR, using the methods described in [32] .
(d) Experiment 3: measuring the duration of Trypanosoma cruzi parasitaemia and the infectiousness of guinea pigs to vectors over the course of infection
We infected eight guinea pigs intradermally with a local strain of T. cruzi at a concentration of 10 6 /100 ml. Each week, we drew blood from all animals and counted parasites using a Neubauer chamber, a gridded glass slide commonly used for counting blood cells. Weekly, we exposed each animal to 20 fifth instar insects by placing a small wooden xenodiagnoses box containing the insects on the animal's abdomen. The insects were fed to repletion. The guinea pigs were not anaesthetized during the process. Forty-five days after each feeding, we performed microscopic evaluation for parasites on all vectors, allowing us to measure the probability of transmission from infected guinea pigs to vectors over the course of infection.
(i) Ross -MacDonald model, its extensions and simulation
Following the Ross-MacDonald model of malaria [10] [11] [12] [13] , we developed a deterministic model of T. cruzi transmission among hosts and vectors, using parameters from literature and our previous studies (table 1 ). The basic model includes a number of simplifying assumptions: the host population is assumed to be constant, homogeneous and closed to birth or migration. Hosts become susceptible to reinfection after clearing the parasite. The vector population is also homogeneous and without migration, and each vector feeds at random from the pool of available hosts [36] . We use standard notation to represent the proportion of infected hosts (X) and vectors (Y) [13] . In this parametrization, in which m is the ratio of vectors to hosts, a is the vector's biting rate, b is the transmission efficiency from vectors to hosts and 1/r is the duration of the infectious period in hosts, the change in the proportion of infected hosts is
Similarly, the change in the proportion of infected vectors is described by
where c is the transmission efficiency from hosts to vectors, g is the rate of vector mortality and n is the length of the parasite incubation period in the vector. The equilibrium parasite prevalence among vectors and hosts can be obtained for this version of the Ross -MacDonald model through the following equations [12, 13] :
In continuous time, and when initiating these equations with a single infectious host, the prevalence increases monotonically and the equilibrium prevalence in vectors is equivalent to the maximum prevalence. The sensitivity of the maximum prevalence in vectors to each model parameter is shown in electronic supplementary material, figure S1.
(ii) Extension to include coprophagy
We modify the base Ross-MacDonald model to include acquisition of T. cruzi by uninfected insects via ingestion of contaminated faeces. The rate of change of vector prevalence becomes To more easily consider the effects of fluctuations in host populations, we developed a stochastic simulation based on the Ross-MacDonald model (model details, figure and code are in the electronic supplementary material). We simulated the expected prevalence of host and vector infection in a community of 10 hosts and 1000 vectors, using parameters from the literature and from data collected in our laboratory studies in Peru (table 1) . We then introduced a bottleneck in the host population to mimic the seasonal reduction in guinea pig populations. We evaluate the effects of bottlenecks of varying lengths (14, 30, 60, 90 and 180 days). We assume, following Cohen & Gü rtler [37] , that the size of the vector population is a function of the size of the host population from the previous season; the number of vectors in the colony therefore does not decrease significantly until after the bottleneck period.
In a sensitivity analysis, we explore the effect of a 'vector bottleneck' in which the triatomine population declines concurrently with the guinea pig bottleneck. We also explore different host and vector population sizes both before and during the bottlenecks.
Results (a) Entomological survey
Triatomines infected with T. cruzi were found throughout the survey area (figure 1). Fourteen large colonies (more than 100 insects, excluding eggs and first instar nymphs) were collected, and 10 of these colonies included insects infected with T. cruzi (electronic supplementary material). The prevalence of the parasite in these large colonies was strongly bimodal. In two of the largest colonies, 544 of 639 (85.1%) and 628 of 723 (86.9%) insects were infected. Both of these colonies were collected from guinea pig pens. A third, smaller colony that exhibited very high parasite prevalence (128 of 165, 77.6%) was also collected from a guinea pig pen. The prevalence of the next most infected colony, by contrast, was only 6.4% (15 infected insects out of 234). This bimodal pattern of T. cruzi prevalence among vectors in large colonies is consistent across dozens of other large colonies examined over the course of the control campaign in Arequipa (data provided in the electronic supplementary material, table S1).
(b) Hypothesis I: Trypanosoma cruzi is transmitted among insects, without passing through an intermediate mammalian reservoir host, via coprophagy
Our model shows that relatively small daily rates of coprophagic transmission can result in high infection prevalence. As the force of coprophagic transmission increases, the infection prevalence approaches an asymptote whose value is related to the probability that the vector will survive the parasite's incubation period. For the parameters we considered (described in table 1), the equilibrium prevalence in vectors does not exceed Y ¼ 86% even if coprophagy is very frequent. Because of the asymptotic shape of the curve, a value of 0.08 for d would generate an equilibrium prevalence of 80% while a value of 0.46 would be necessary to generate a prevalence of 85% (electronic supplementary material). In the experiment, which measured the actual rate of infection transmission via coprophagy, 150 triatomine eggs (across five replicate experiments) were exposed to T. cruzi in the faeces of adult insects. A total of 119 individuals survived to the third instar. None of these insects acquired T. cruzi through coprophagy. The actual rate of coprophagic transmission, even if not zero, is clearly far below the rate required to produce a high infection prevalence in our model. We conclude that coprophagy does not explain the presence of highly infected field vector colonies.
(c) Hypothesis II: a reservoir species other than guinea pigs is driving the transmission of Trypanosoma cruzi through vectors collected near guinea pig pens
Guinea pigs represented the vast majority (34/36) of bloodmeals identified from second instar insects in highly infected vector colonies found around guinea pig pens (electronic supplementary material, table S2). DNA of the blood meal from two insects was not amplified by any of the primers used in the assay. It is therefore unlikely that nonguinea pig reservoir species are producing a significant degree of infection in the observed vectors. All of the insects in which T. cruzi were detected by microscopy were confirmed by PCR; interestingly, PCR was also positive for the majority (13/18) of insects in which the parasite was not identified by microscopy, suggesting the prevalence of infection among insects in these guinea pig pens was even greater than 85%.
(d) Hypothesis III: persistently infectious hosts drive the parasite through vector populations
Some guinea pigs retained the ability to infect insects for many months ( figure 3 ; electronic supplementary material, figure  S2 ). The data from experiment 3 provided estimates of the probability of T. cruzi transmission from guinea pig hosts to vectors over the course of infection, which we incorporated into a stochastic Ross-MacDonald model. Results of the simulations suggest persistently infectious guinea pigs had little effect on the maximum prevalence of T. cruzi infection in vector colonies (electronic supplementary material, figure S3 ). This finding was initially surprising, but became more intuitive when considering the very short lifespan of guinea pigs raised for consumption-most are eaten at around four months of age. The relevance of prolonged infectiousness in any one guinea pig is limited by its brief lifespan. However, the presence of persistently infectious guinea pigs did cause T. cruzi infection to persist longer in the simulated vector populations. In the absence of such animals, infection in vectors persisted for a median of 357 days. The median persistence time rose to 442 days, an increase of almost three months, in the extreme situation in which all guinea pigs in an enclosure were persistently infectious.
(e) Hypothesis IV: host bottlenecks increase vector infection prevalence
Including host population crashes or 'bottlenecks' in our stochastic simulations produced several vector populations with upwards of 85% T. cruzi prevalence ( figure 4 ; electronic supplementary material, figure S5 ). During each bottleneck, a starting host population of 10 guinea pigs declined to only two members for a period of time (while the number of vectors was held constant at 1000). Host population crashes that lasted for as little as two weeks were able to push vector infection rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142807 prevalence to more than 85%, although the probability of reaching such a high prevalence increased when the bottleneck length was at least two months. As the sizes of the host populations within and outside the bottleneck period are varied, the resultant pattern of infection among vectors also shifts, such that the more dramatic the bottleneck, the more bimodal the peak infection rates in the vector population (electronic supplementary material, figure S4 ). Results of additional analyses that consider more detailed vector population dynamics, including bottlenecks in vector populations following the bottlenecks in their host populations, are presented in the electronic supplementary material, figure S5b. In the event of a bottleneck in vector populations, 85% prevalence of T. cruzi infection can still occur, but much less frequently. Additional sensitivity analyses to simulation parameters are shown in electronic supplementary material, figure S6 .
(f ) Synthesis
Our findings allow us to discard several mechanisms we hypothesized might explain the observed high prevalence of T. cruzi in vector populations. Vector infection does not appear to be due to reservoir hosts other than guinea pigs. Although mathematical models suggest that coprophagy could produce high prevalences in insect populations, horizontal transmission of T. cruzi between vectors via faeces ingestion was not observed in our experiments. While the presence of persistently infectious hosts does not produce the observed prevalence of T. cruzi, these animals may play a role in maintaining the parasite in vector populations over longer time scales. Bottlenecks in host populations, even relatively brief ones, can lead to high levels of T. cruzi infection among triatomine vectors.
Discussion
Fluctuations in host populations can have outsized effects on transmission of vector-borne pathogens [38] . Even a very unlikely and unstable transmission cycle can propel a pathogen to high frequencies in vector populations, and, in turn, create significant risk to animals and humans, when hosts rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142807 fluctuate in numbers. We document precisely this scenario, in which guinea pig population bottlenecks lead to a high prevalence of T. cruzi in triatomine populations, and ultimately intensify the risk of Chagas disease in households. Outside of the Andes, the role of guinea pigs (and rodents in general) in domestic T. cruzi transmission is probably minor [39] (though see [40] ). But the dynamics we describeincluding the concentration of vectors on a limited number of host animals-are common. In small households, domestic animal populations are rarely stable. The unpredictable birth and death of these animals creates fluctuations in the ratio of the numbers of vectors feeding on any given host, a key parameter in the Ross-MacDonald model. On the scale of a household, with only a handful of hosts, these fluctuations are strong enough to set off epidemics. The effect of the change in the ratio between vectors and hosts on pathogen prevalence is likely to be especially pronounced for triatomines and other vectors that are relatively sessile.
The proximate causes of the bottlenecks in domestic guinea pig populations in southern Peru are clear. In the months of June, July and August, a series of local, regional and national holidays are celebrated in Arequipa with cuyadas-large guinea pig cookouts. During these holidays, guinea pigs in the region have an expected lifespan similar to that of turkeys in the United States in November. While these festivals are the proximate cause of the decrease in guinea pig populations, the reason these festivals are celebrated with the consumption of guinea pigs rather than other animals is probably economic: the price of alfalfa rises sharply prior to this season (figure 2) and it becomes economically counterproductive to maintain large guinea pig populations. The ultimate causes of the host fluctuations are related to water and climate. Arequipa is in an arid region, and the city and surrounding agricultural lands both rely on rains and snowmelt at higher altitudes. While the price of alfalfa may be driven by many factors, including demand from the cattle industry, it ultimately tracks the seasonal availability of water.
The forces that lead to bottlenecks in domestic guinea pig populations in Peru are becoming aggravated. The Andean glaciers, the source of the water for the region, are retreating [41] , while human populations and farming activities continue to rise. It is possible that these forces in concert will make guinea pig husbandry economically unfeasible-a change that would be likely to decrease T. cruzi transmission in the region, but would also deprive a large population of an important source of protein. Alternatively, a transition from guinea pig to chicken husbandry may occur. Chickens do not carry T. cruzi, but may support large vector populations. Fluctuations in chicken populations may then cause vectors to seek alternative hosts, potentially becoming concentrated around a competent mammalian reservoir of T. cruzi [37] , leading to dynamics of parasite transmission through vector colonies similar to those we describe here.
Our modelling is intentionally limited in scope. We focus only on explaining the high rates of vector infection seen in a few large colonies, and do not address the large variations in T. cruzi prevalence between households. Interestingly, surrounding highly infected vector colonies, we found equally large colonies in which very few (less than 7%) insects harboured the parasite. One explanation for this finding is that, by chance, in some households only uninfected guinea pigs survive the seasonal culling. Despite the host bottleneck, vector infection prevalence would remain low in these guinea pig enclosures. Alternatively, it is possible that some large vector colonies become highly infected, possibly through the bottleneck dynamics we describe, and insects from these colonies then migrate to nearby large colonies where the parasite had not yet emerged. Another limitation of our study is that our models are sensitive to the parameter describing the probability of transmission from an infected vector to a susceptible host (electronic supplementary material, figure S1 ). This transmission efficiency, which we assume to be very low, is extremely difficult to measure directly. Instead, its value has been estimated using formulae that combine separate and possibly erroneous estimates of the incidence of new T. cruzi infections in hosts: the biting frequency of vectors and the prevalence of T. cruzi in vectors [4, 5] . If the estimates of this parameter turn out to be wrong, then our conclusions regarding T. cruzi transmission would need to be re-evaluated.
We observed heterogeneity of infectiousness among guinea pigs experimentally infected with T. cruzi. While our models suggest that the presence of persistently infectious guinea pigs alone is insufficient to drive the parasite to the levels observed in field vector colonies, such animals may be very important in the introduction of the parasite or the maintenance of the parasite in a metapopulation. Prolonged infectiousness is not limited to guinea pigs. Whenever xenodiagnoses are used to assess T. cruzi infection status, results are typically heterogeneous across individuals of the same species [42] . The same is true for humans-the early clinical trials for Chagas disease treatments were assessed with xenodiagnoses, and some individuals in the control group remained infectious to insects for an extended period of time [43, 44] .
It is unclear why some individuals are persistently infectious while others control the parasite. Trypanosomes in general are famous for their complex mechanisms of host immune evasion [45] ; the stochastic nature of evasion mechanisms could lead to heterogeneity in parasitaemia among some individuals. Co-infection with additional parasites might also decrease some individuals' ability to control T. cruzi [46] . Genetic differences may partially explain elevated or prolonged parasitaemia [47] , a finding that may be particularly relevant to domestic guinea pigs.
Our findings suggest that T. cruzi transmission in households could be diminished by preventing bottlenecks in host populations. The ecology of T. cruzi transmission is highly variable; the cast of vectors and hosts of the parasite changes from habitat to habitat. For the specific case of transmission by T. infestans in southern Peru, infections could potentially be decreased through economic measures to stabilize the price of alfalfa, thereby mitigating situations in which large populations of insects are concentrated on a small number of infected guinea pigs. Control measures that are more direct and easier to implement are already in place across much of southern Peru [48] ; attempts to control host fluctuations would be more relevant to areas difficult to reach with traditional methods. By identifying and addressing the drivers of host population bottlenecks in other areas affected by Chagas disease, the conditions that permit the emergence or re-emergence of the parasite might be eliminated, at least in some contexts.
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